A parametric study on the use of base isolation devices in frame building structures is undertaken. Frames were analysed with regular geometry starting from a baseframe (BF), from which more complex frames were created by association of BF in height above a certain asymmetric plant. The modularity of the BF facilitates the analysis of the results, allowing for parametric studies on the use of base isolation devices in more complex geometries. To conduct the computational studies the commercial software SAP2000 was used. Three-dimensional (3D) structures were analyzed with asymmetries in plant and in elevation. Some of the results of the parametric study are presented graphically, identifying the importance of positioning the seismic isolation devices used in each structural configuration.
Introduction
The use of energy dissipation devices in structures should be carefully studied in order to optimise location increase efficiency and obviously to decrease the costs of its application. For long span or tall structures (namely continuous beams, tall buildings and suspended or tied bridges) these approaches are fully justified; also for general building structures, the geometric complexity makes it necessary to do parametric studies on the use of such devices, in order to hinder the best solution for each structural geometry or typology (Barros and Cesar [1] ).
In this study is analysed the behaviour of structures under seismic actions, equipped with energy dissipation devices; more concretely, support devices of the type "Base Isolation" (BI) to lessen the effects of the dynamic seismic actions in the structural systems ( Figure 1 ).
Figure 1: Seismic isolators and some of their real applications
This study is more and more important not only in the great building enterprises or in high-risk tall buildings, which justify the use of dissipation devices for their social-economic importance, but also in the average constructions since the application of dissipation and isolation devices is economically viable.
To opt for a dissipation system, among the possible BI devices, it is quite convenient to know the best constructive solution in order to minimize costs, as well as to analyze the possibility of its use in existing constructions whose seismic retrofit is required to assure an adequate resistant capacity and performance under service conditions.
The occurrence in Portugal of a great magnitude earthquake is probable, above all in the high-risk seismic zone A, according to the Regulamento de Segurança e Acções para Estruturas de Edifícios e Pontes (RSA [2] ). Addressing this parametric study on the use of seismic isolation devices in frame buildings in Portugal is very important, at least under the viewpoints of the preparedness of the structures to support strong seismic actions, as well as of the retrofit of damaged or susceptible important buildings or lifeline infrastructures.
In this context was chosen a 3D steel building frame seismically isolated, with asymmetric plan but also with the possibility of distinct structural configurations in elevation, for the purpose of understanding the role and influence of some geometric parameters on the performance of the frame under seismic actions. Such asymmetric 3D building frame was already used extensively by the authors in a completely different study, related to the carrying capacity and overall stability characteristics of the frame (Barros and Cesar [3] ) (Cesar [4] ) (Cesar and Barros [5] [6] ). Most of the computational analysis required by the parametric study was performed using the commercial software SAP 2000 [7] .
Firstly the 3D metallic frame was pre-designed in agreement with the Portuguese standards and regulations, namely RSA [2] . This pre-design is achieved for several parametric variations of the geometry of the structure. Thereafter an energy dissipation system of base isolation devices is devised, whose characteristics are introduced in SAP 2000 in order to develop a parametric study of the behaviour of the frame under seismic actions.
Structural Modelling

General aspects
The energy dissipation devices correspond to support apparels constituted by rubber sheets inserted with foils of steel that are united by vulcanization.
To achieve a calibration process of the considered metallic steel 3D frames seismically isolated at the base of each column, such calibration frames were modelled using frame bar elements considering rigid connections between the beams and the columns.
The structures were analyzed for two parametric variations -variation of the lengths of the structural elements (controlling frame spans and inter-story heights) and variation of the number of rigid slabs (asymmetry in elevation) -for each of which were determined the natural frequencies and the vibration mode shapes.
For a frame structural model ( Figure 2 ) with 1 translational degree of freedom (DOF) -where m represents the mass, k the stiffness of the columns and c the damping coefficient -the displacement on the top of the frame is denoted by u(t) and the one of the base by u g (t) . The equation of motion, in global coordinates, is given by:
Dividing equation (1) by m, the following equation is obtained
in which ω is the angular (circular) undamped natural frequency of the structure and ζ is the damping factor (as a percentage of critical damping coefficient).
For a frame structural model with N translational DOF, equation (1) is substituted by the matrix equation
in which M is the mass matrix of the structural system, C the damping matrix, K is the stiffness matrix, u is the vector of displacements (relative to the base) and r the vector that associates the displacements of the base to the translational degrees of freedom. The solution of this equation (3) departs from the characteristic equation (4), from which are determined the angular undamped frequencies ω and the associated vibration modes φ .
Calculation model
The first approach in the analysis of structures with energy dissipation devices at the base (ie, Base Isolation) is based on the use of a model with 2 (translational) DOF, represented in Figure 3 : one DOF at the level of the base isolators; the 2 nd DOF at the floor level. The background to this work was based on Naeim and Kelly [8] that resumes the state-of-the-art of seismic isolation and the design of seismic isolated structures, within the framework of existing codes -as well on Soong and Dargush [9] . In this outline the most important factor is the capacity of energy absorption, using a dissipation model based on the linear viscous damping behaviour of the base isolation devices.
One of the difficulties is related with the selection of the real modal damping factors (Alhan and Gavin [10] ) (Osinski, [11] ). The use of BI devices permits to reduce the forces supported by the structure, up to values for which do not occur significant structural and/or frame members damages (as well as in non-structural partition walls).
A system of base isolation devices made of natural rubber guarantees a degree of damping in the order of 10-20% of the critical damping, considerably bigger than structural damping factors for steel frames (in the order of 2%). Usually, in conventional structural analysis, a structural damping factor of 5% (of the critical damping) is used admitting the possibility of structural damages occurrence during a large intense earthquake.
When the behaviour of a base-isolated multi-DOF steel frame is considered ( Figure 4 ) it is important to evaluate the "drift" and the maximum acceleration in the most unfavourable locations. Comparing the values calculated for the frames, with and without BI, some degree of efficiency of the BI devices can be achieved, since they reduce vibration seismic effects in function of their placement and of the geometry properties of the structure. Normalization codes and regulations, namely the pre-norm pr EN 1337 (CEN [12] ), define several types of base isolation devices (or isolators) as illustrated in Figure 5 . In this work were followed the recommendations of SETRA [13] . The characteristics of the elastomer used in the BI devices were determined in laboratory tests; they allow defining maximum design values for shear strain as a function of the rupture shear strain between the elastomer and the composite sandwich device (Table 1 ). One of the main characteristics that define the behavior of the elastomer isolator is the lateral rigidity of the BI device, given by the equation
in which G is the shear modulus, A the area of the elastomer and t r the thickness of the several rubber layers. SETRA [13] technical guide indicates the values to be adopted in the design of BI devices that equip civil engineering works of art. In this case a shear modulus G=900 kPa is used for design of structures subjected to slow actions, and G=1200 kPa for design of structures subjected to fast actions (like an earthquake). On the base of such characteristic, the maximum allowed distortion v x is determined, and the BI device is selected guaranteeing that the acceptable maximum distortion values are not surpassed. 
Dynamic earthquake actions
In this study the earthquake response spectra presented in design code RSA [2] were used, for two types of earthquakes and three types of foundation soils, each of which with curves for damping factors of 2%, 5% and 10%. Such design spectra (some of which are shown in Figures 7 and 8 , for 3 damping factors) were introduced in the calculation software SAP 2000 [7] , for determining structural responses under the most unfavorable combination of actions. The asymmetric base-isolated 3D steel frame used in this study, is considered founded in soil-type 1 (hard soil) in the most vulnerable seismic zone -Zone A (for which the seismic coefficient, for structural usage, equals unity). Also, for the asymmetric structures of this parametric analysis, the response spectrum for the intermediate damping factor of 5% is used.
RSA -(type
Parametric Study
General characteristics
After some needed acquaintance with the commercial software SAP 2000 [7] with a standard calibration analysis to understand its characteristics and inherent potential, several parametric studies on 3D base-isolated steel frames were elaborated after introducing the required variables defining the elastomer isolators of the BI devices.
Although in the initial study several structural systems have been modelled, in the present parametric study (Barros and Cesar [1] ) only will be presented a summary of the results associated with the seismic analysis of an asymmetric baseisolated 3D steel frame with 5 floors (but also with asymmetry in elevation besides the asymmetry in plant) already used by the authors (Barros and Cesar [3] ) (Cesar [4] ) (Cesar and Barros [5] [6]) for characterizing the carrying capacity and the stability properties of the same asymmetric 3D frame (Figures 9 and 10 ). The parametric analysis is based upon the variation of the structural elements lengths (beam spans or distances between the columns L, and inter-story heights between floors H) and in the definition of the space geometry (typology) of the asymmetric 3D structure (asymmetry in plan view as represented in Figure 9 ; asymmetry in elevation, as represented in Figure 11 , based on location of the slabs L2 and L3 respectively up to 5 th 4 th or 3 rd floors).
Figure 11: 3D base-isolated steel frame (with asymmetries in plan and in elevation)
Parametric variation and results
In the network report of Barros and Cesar Initially, for a set of geometric-typological properties (L, H, typology) and for the 3D asymmetric frame modeled without elastomer isolators at the base of the columns, the acceleration and the lateral displacement of a top-floor node (node 57 in the 3D frame modeling) were determined. Later on, with the same geometrictypological properties but now with elastomer isolators at the base of the columns, the 3D asymmetric frame was re-analyzed for the evaluation of the same displacement control variables. This was continuously repeated for the universe of the geometric-typological combinations, and the corresponding results are shown herein in graph form.
The elastomer isolators, applied at the bottom of each column to reduce the effects of the seismic actions, were pre-designed according to SETRA [13] for the maximum vertical loads at the ultimate limit state (ULS); nevertheless the performance of the BI device should be verified for the serviceability limit state (SLS). A circular isolator was selected with the following characteristics: G=1200 kPa (fast earthquake actions) and Ø = 550 mm, to which correspond a horizontal stiffness of 1000 kN/m; a damping factor of 5% was considered. Through the comparison of the values attained by the same displacement control variables (acceleration and lateral displacement of a top-floor node 57 in the 3D frame modelling), the performance role and behaviour (and somehow the efficiency) of the elastomer isolators were verified. The location of the reference node 57 is represented in Figure 12 , chosen along a column elevation from 1 st to 5 th floor that did not change in the parametric study. On the base of the obtained results, the following graphs ( Figures 13-14 -15-16) were elaborated for the resultant total acceleration (from a x and a y ) and for the resultant relative displacement (from x and y relative displacements) occurring at reference node 57 (of Figure 12) for the same inter-story height H=3 m and for 3 values of the beams spans (L= 4, 6, 8 m). Figure 13 refers to the resultant total acceleration for the asymmetric frame without base-isolation devices; Figure 14 refers to the resultant total acceleration for the asymmetric frame with base-isolation devices. It is verified that the evolution of the curves is proportional presenting an increase of the total acceleration with the decrease of the beam spans or distance between columns (L). The maximum total acceleration, for the 3D frame without BI devices, is obtained for the use of 3 rigid floors L2 and L3; the maximum acceleration, for the 3D frame with BI devices, is obtained for the use of 2 rigid floors L2 and L3.
From the values obtained in the parametric study it is verified that the behaviour of the asymmetric 3D frame is altered when exist 1 to 5 floors of the rigid slabs L2 and L3; the most favourable effect (maximum decrease of total acceleration) associated with the use of BI devices happens when 3 rigid slab floors exist, for which occurs the larger difference between the resultant total acceleration without and with elastomer isolators. When only 1 and 2 floors exist of the rigid slabs L2 and L3 the use of BI devices changes the frame acceleration response, but such changes are not so significant as when the other floors also exist; this is due to the flexibility of the upper 3 rd 4 th and 5 th floors that control the behaviour of the 3D frame. So, BI is more important for high-rise tall buildings than for low-rise buildings. Figure 15 refers to the resultant relative displacement for the asymmetric frame without base-isolation devices; Figure 16 refers to the resultant relative displacement for the asymmetric frame with base-isolation devices.
As can be observed, the resultant relative displacement stays practically constant for corresponding cases of the parametric study, without and with BI devices, with respect to the number of rigid slab floors used (slabs L2 and L3). For the asymmetric frame without BI devices, is noticed a slight increase in relative displacements of the reference node up to the use of 3 rigid slab floors (slabs L2 and L3).
The difference between relative displacements stays practically constant for corresponding cases of the parametric study, without and with BI devices, with respect to the number of rigid slab floors used (slabs L2 and L3). Figure 17 refers to the results of 30 parametric cases giving the resultant total acceleration at the reference node, for the asymmetric frame without base-isolation devices; Figure 18 refers to the results of 30 parametric cases giving the resultant total acceleration at the reference node, for the asymmetric frame with base-isolation devices. The general trend of the different curves is quite coherent with the remarks made before with respect to Figures 13-16 . It is apparent from the results that the maximum decrease of total acceleration associated with the use of BI devices happens when slab floors (L2 and L3) exist up to 3 rd floor (as well as up to 4 th and 5 th floors) for inter-story height H=3 m, for which occurs the larger difference between the resultant total acceleration without and with elastomer isolators; for an inter-story height H=4 m, such decrease is much less noticeable. This can be viewed as a measure of efficiency of the BI device as well as of a typological optimal effect. 
Conclusions
In this study it was evident the need to study the variation of the geometry of a structural system and its typology for maximizing the performance of the system of dissipation of energy (BI devices). It was verified that the introduction of asymmetries in elevation alters significantly the behaviour of the structure seismically isolated and that the introduction of elastomer isolators introduces a new pattern for variation of such behaviour.
On the base of this study it is recommended the modelling of several 3D frames with predefined geometry (such as the one that can be use in a prefabricated system) for optimizing its performance as well as for decreasing overall costs (decreasing seismic damages). Further detailed computational studies are still needed, which should be experimentally validated whenever possible, so that the know-how and conclusions could be extended to a similar approach dealing with 'smart' base isolation systems (Ramallo et al. [14] ).
